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INTRODUCTION 

Coal l i q u e f a c t i o n  i s  a major  a t tempt  t o  meet c e r t a i n  energy requirements and 
I f  coal  l i q u e f a c t i o n  i s  t o  be success- 

R e f i n i n g  procedures cou ld  then be a l t e r e d  t o  accommo- 
Thus, e f f i c i e n t  process ing and u t i l i z a -  

a t  t h e  same t ime  p r o t e c t  t h e  environment. 
f u l ,  a technology must be developed t h a t  p rov ides  a n a l y t i c a l  da ta  on bo th  feed 
coa ls  and l i q u i d  products. 
da te  syncrudes o f  d i f f e r e n t  composi t ion.  
t i o n  r e q u i r e  a knowledge o f  t h e  chemical composi t ion o f  coa l  l i q u i d s .  

increased g r e a t l y  i n  r e c e n t  years.  
proaches t o  the  study o f  c o a l  l i q u i d s .  
p a r t i c u l a r  coal l i q u i d  b y  ex tens i ve  separa t i on  f o l l o w e d  by e labo ra te  spect roscopic  
c h a r a c t e r i z a t i o n  o f  t h e  v a r i o u s  compound types (1). The o t h e r  approach emphasizes 
a r a p i d  and simple method o f  separa t i on  i n  which fewer f r a c t i o n s  a re  generated (2). 
The l a t t e r  i s  more amenable t o  on-stream c o n t r o l ,  where f a s t  procedures a r e  r e -  
qu i red .  

f ea tu res  o f  t he  two approaches. F i v e  chemica l l y  meaningful f r a c t i o n s  a r e  genera- 
t e d  f rom a t o t a l  coal l i q u i d .  These f r a c t i o n s  a r e  separated on a chemical func-  
t i o n a l i t y  bas is  and a r e  s u i t a b l e  f o r  d e t a i l e d  c h a r a c t e r i z a t i o n .  
pre-asphaltene f r a c t i o n s  a r e  p u r p o s e f u l l y  avoided because o f  t h e i r  l a c k  o f  chemi- 
c a l  d e f i n i t i o n .  

I n t e r e s t  i n  t h e  chemical s t r u c t u r e  o f  coal  and coal  convers ion products  has 
Th is  i n t e r e s t  has produced two general ap- 

One i s  the  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  a 

Our approach t o  t h e  a n a l y s i s  o f  coa l  l i q u i d s  i nco rpo ra tes  the  most a t t r a c t i v e  

Asphaltene and 

T h i s  paper descr ibes t h e  separa t i on  o f  a coal  l i q u i d  i n t o  f i v e  f r a c t i o n s  by 
1 i q u i d  chromatography. The f r a c t i o n s  a r e  generated by i o n  exchange, c o o r d i n a t i o n  
complex, and adso rp t i on  chromatography. The nonhydrocarbon f r a c t i o n s  account f o r  
most o f  t h e  coal l i q u i d  and were emphasized i n  t h e  c h a r a c t e r i z a t i o n  work t h a t  i s  
r e p o r t e d  here. 

EXPERIMENTAL 

Coal L i q u i d  Sample 

The coal l i q u i d  used i n  t h i s  i n v e s t i g a t i o n  was obta ined from t h e  P i t t s b u r g h  
Energy Research Center 's  S y n t h o i l  process ( 3 ) .  
V i r g i n i a  coal s l u r r i e d  i n  65 pe rcen t  producF r e c y c l e  o i l .  
1 4 - f t  c a t a l y t i c  r e a c t o r  operated a t  450°C and 4000 p s i g  o f  hydrogen. The l i q u i d  
p roduc t  was c e n t r i f u g e d  t o  reduce water  and s o l i d s .  

Apparatus 

tometer; l o w - r e s o l u t i o n  mass spec t ra  were recorded on  a Var ian CH-5 s ing le - focus ing  
mass spectrometer. The columns used f o r  chromatographic separat ions were s i m i l a r  
t o  those used by Jewel1 e t  a l .  (A). 
by 119-cm, w i t h  a r e c y c l i n g  arrangement t h a t  pe rm i t s  t h e  continuous e l u t i o n  o f  t h e  
sample w i thou t  t h e  need f o r  l a r g e  q u a n t i t i e s  o f  so l ven t .  
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The feed was a h i g h - s u l f u r  West 
The process used a 

I n f r a r e d  spect ra were recorded us ing  a Perkin-Elmer 621* i n f r a r e d  spectropho- 

They were g r a v i t y  f l o w  columns, 1.4-cm i . d .  



Reagents 

The ion-exchange r e s i n s  and o t h e r  chro-  
matographic m a t e r i a l s  were prepared accord ing t o  p r e v i o u s l y  repo r ted  methods (5). 
Rout ine Methods o f  Ni t rogen,  Su l fu r ,  and Oxygen Analyses 

Elemental analyses were performed a t  a commercial l a b o r a t o r y ;  n i t r o g e n  was 
determined by t h e  micro-Dumas method; s u l f u r ,  by combustion f o l l o w e d  by t i t r a t i o n  
o f  o x i d a t i o n  product  w i t h  barium p e r c h l o r a t e  t o  a c o l o r i m e t r i c  endpoint ;  and oxy- 
gen, by a m o d i f i e d  Unterzaucher method. 

Q u a n t i t a t i v e  I n f r a r e d  Analyses 

Q u a n t i t a t i v e  i n f r a r e d  measurements and c a l c u l a t i o n s  were performed i n  a man- 
n e r  s i m i l a r  t o  t h a t  used by PlcKay e t  a l .  (6). 
Separat ion Procedure 

The c o a l  l i q u i d  (0.5 g )  was d i sso l ved  i n  methylene c h l o r i d e  (20.0 m l )  and 
passed through a 10- t o  15-micron f i l t e r  t o  remove ino rgan ic  s o l i d s  and any undis-  
so lved organics.  The m a t e r i a l  r e t a i n e d  on t h e  g lass  f i l t e r  amounted t o  l e s s  than 
2 percent  o f  t h e  t o t a l  coal  l i q u i d .  The separa t i on  was performed by s e q u e n t i a l l y  
passing t h e  coa l  l i q u i d  through f o u r  chromatographic columns t o  o b t a i n  f i v e  f r a c -  
t i o n s :  ac ids,  bases, n e u t r a l  n i t r o g e n  compounds, s a t u r a t e  hydrocarbons, and a ro -  
m a t i c  hydrocarbons as shown i n  F igu re  1. 

Separat ion o f  Acids--Anion Exchange Chromatoqraphy. - The sample o f  f i l t e r e d  
coa l  l i q u i d  was chromatographed on anion r e s i n  (100 g) t h a t  had been wet packed i n  
t h e  column w i t h  methylene ch lo r i de .  Unreact ive m a t e r i a l  was washed from t h e  r e s i n  
wi th  methylene c h l o r i d e  (700 m l )  f o r  3 hours o r  u n t i l  t h e  e l u a n t  was c l e a r .  A f t e r  
t h e  un reac t i ve  m a t e r i a l s  were removed, t h e  r e a c t i v e  compounds ( a c i d s )  were reco-  
vered i n  two steps. 
(350 ml) ;  t h e  r e s i n  was then removed f rom t h e  column and p laced i n  an e x t r a c t o r ;  
t h e  remaining a c i d  was removed by e l u t i o n  w i t h  60% benzene-40% methanol (350 m l )  
saturated w i t h  carbon d iox ide .  

f r e e  coal l i q u i d  (about  350 mg) was taken t o  dryness by evaporat ion under a n i t r o -  
gen atmosphere and r e d i s s o l v e d  in. benzene (25 m l ) .  The benzene s o l u t i o n  was chro- 
matographed on c a t i o n  r e s i n  (50 g) t h a t  had been wet  packed i n  the  column w i t h  
benzene. Unreact ive m a t e r i a l  was e l u t e d  from t h e  r e s i n  wi th  benzene (500 m l )  f o r  
1 hour o r  u n t i l  t h e  e l u a n t  was c l e a r .  The r e a c t i v e  m a t e r i a l  (bases) was removed 
f rom t h e  r e s i n  i n  two steps. The column was f i r s t  e l u t e d  w i t h  60% benzene-40% 
methanol (350 m l ) ;  t h e  r e s i n  was then removed from the  column and p laced i n  an ex- 
t r a c t o r ;  t h e  remain ing bases were removed f rom t h e  r e s i n  w i t h  54% benzene-38% 
methanol-8% isopropylamine (200 m l ) .  

Chromato r a  h . - F e r r i c  ch lo r i de -A t tapu lgus  c l a y  (80 g) was p laced  above an ion  * r e s i n  120 g i n  a s i n g l e  column. A f t e r  t h e  column was washed w i t h  cyclohexane 
(100 m l ) ,  t h e  ac id -  and base-free m a t e r i a l ,  f r e e d  o f  benzene and r e d i s s o l v e d  i n  
cyclohexane (50 m l ) ,  was passed through t h e  column. The column was e l u t e d  w i t h  
cyclohexane (300 m l )  t o  remove hydrocarbons. The n i t r o g e n  compound-ferr ic ch lo -  
r i d e  complexes were removed from t h e  c l a y  w i t h  1,2-dichloroethane (200 m l ) .  
complexes were subsequently broken by pass ing t h e  s o l u t i o n  ove r  t h e  anion r e s i n ;  
t h e  f e r r i c  c h l o r i d e  s a l t  was r e t a i n e d  on t h e  r e s i n ,  and t h e  n e u t r a l  n i t r o g e n  com- 
pounds were recovered i n  t h e  e lua te .  

A l l  so l ven ts  were f l a s h  d i s t i l l e d .  

The column was f i r s t  e l u t e d  w i t h  60% benzene-40% methanol 

Separat ion o f  Bases--Cation Exchange Chromatography. - The sample o f  ac id -  

Separat ion o f  Neu t ra l  N i t rogen  Compounds--Ferric Ch lo r ide  Coord ina t i on  

These 
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Separation of Hydrocarbons--Si1 i c a  Gel Chromatography. - The ac id- ,  base-, 
and n e u t r a l - n i t r o g e n - f r e e  coal  l i q u i d ,  freed o f  cyclohexane and r e d i s s o l v e d  i n  
n-pentane (50 m l ) ,  was p laced  on a s i l i c a  ge l  column (150 9) .  
t e d  w i t h  n-pentane (app rox ima te l y  500 m l  o r  u n t i l  UV mon i to r  showed absorbance 
g r e a t e r  than 10 percent  o f  f u l l  sca le  a t  254 nm) t o  remove the  s a t u r a t e  hydrocar- 
bons. The aromatic hydrocarbons were then recovered by e l u t i o n  w i t h  benzene (ap- 
p rox ima te l y  300 m l ) .  

The column was e lu -  

RESULTS AND DISCUSSION 

Recovery and p r e c i s i o n  da ta  f o r  t h ree  d i f f e r e n t  runs a r e  presented i n  Table 1. 

3 w t .  per-  
Recoveries from 96 t o  98 pe rcen t  may be expected f rom t h e  separa t i on  scheme. 
p r e c i s i o n  data i n  t h e  l a s t  column o f  Table 1 show a r e p r o d u c i b i l i t y  o f  
c e n t  f o r  each o f  t h e  f i v e  f r a c t i o n s .  

TABLE 1. - Three separa t i ons  showing weight  pe rcen t  and p rec i son  f o r  each f r a c t i o n  

The 

Weight percent  

F r a c t i o n  Run 1 Run 2 Run 3 P r e c i s i o n  

Acid 27 33 31 30 + 3 

Neutra l  
Base 20 18 22 20 5 2 

n i t r o g e n  1 2  10 11 11 f . 1  
Saturate 1 0  13 11 11 + 2  

Recovery 96 96 98 97 5 1 

Aroma t i c s  27 22 23 24 2 3 

The data i n  Table 1 show t h a t  f o r  each separa t i on  r u n  the  ac ids ,  bases, and 
n e u t r a l  n i t r o g e n  compounds rep resen t  about 60 percent  o f  t h e  t o t a l  coa l  l i q u i d .  
Ac ids and bases a lone amount t o  about 50 percent  o f  t h e  t o t a l  l i q u i d  showing t h e  
h i g h l y  p o l a r  na tu re  o f  t h e  coal  l i q u i d .  
m a t e r i a l  compared w i t h  amounts found i n  pet ro leum poses problems i n  develop ing 
separa t i on  methods and i n  process ing these l i q u i d s  i n t o  u s e f u l  f u e l s .  

t h e  t o t a l  l i q u i d .  The c o n t e n t  o f  aromat ic  hydrocarbons i s  about t w i c e  t h a t  o f  
s a t u r a t e  hydrocarbons, r e f l e c t i n g  t h e  aromatic cha rac te r  o f  t he  coal  feedstock.  

Elemental analyses i n  Table 2 show t h a t  oxygen and n i t r o g e n  a r e  t h e  p r imary  
heteroatoms present  i n  t h e  p o l a r  f r a c t i o n s .  The a c i d  f r a c t i o n  con ta ins  about 5 
percent  oxygen, p r i m a r i l y  due t o  l a r g e  amounts o f  pheno l i c  compounds as discussed 
l a t e r .  The bases a r e  h i g h  i n  n i t rogen ,  having about 4 percent  n i t rogen .  Repro- 
d u c i b l e  data f o r  t he  n e u t r a l  n i t r o g e n  f r a c t i o n  were n o t  ob ta ined  so they a r e  n o t  
i nc luded  i n  Table 2. 
heterocompounds, b u t  t h e  a romat i c  hydrocarbons c o n t a i n  l a r g e  amounts o f  oxygen 
heterocompounds. The a romat i c  f r a c t i o n  shows 3.4 percent  oxygen, which i s  h igh  
f o r  a hydrocarbon f r a c t i o n .  
dibenzofuran-type oxygen compounds t h a t  a re  n o t  removed by the  r e s i n s  o r  t h e  f e r -  
r i c  ch lo r i de .  
d i s t r i b u t e d  among t h e  f r a c t i o n s  o r  whether s u l f u r  compounds a r e  concentrated i n  
any one f r a c t i o n ( s ) .  
t e d  f r a c t i o n s  from t h e  separa t i on  show average molecular  weights  ranging from 210 
t o  250. 

This  r e l a t i v e l y  h i g h  amount o f  p o l a r  

The sa tu ra te  and aromat ic  hydrocarbon f r a c t i o n s  rep resen t  about 35 percent  o f  

The s a t u r a t e  hydrocarbons c o n t a i n  o n l y  smal l  amounts o f  

Th is  m igh t  be exp la ined  by t h e  presence o f  f u r a n  o r  

Data on s u l f u r  a r e  too  l i m i t e d  t o  determine whether s u l f u r  i s  evenly 

Molecular -weight  data on t h e  t o t a l  coal  l i q u i d  and on se lec-  
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TABLE 2. - Elemental analyses and molecular weights of Synthoil and f rac t ions  

Molecular 
w t .  Weight percent - 

Saiiipl e Carbon Hydrogen Nitrogen Oxygen Sulfur LRMS* 
Total Synthoil 86.09 7.4 1.6 3.9 0.7 225 

Acid 79.4 6.7 1 .o 5.5 0.8 250 
Base 81.5 7.4 3.9 1.9 - 225 
Saturates 88.1 11.6 0.3 - 230 
Aromatic 87.6 7.6 0.1 3.4 0.6 210 
*Low-resolution mass spectrometry. 

Characterization of Acid Fraction 

The acid f rac t ion  represents about 30 percent of the to t a l  coal l iqu id .  
f rac t ion  has 5.5 percent oxygen (Table 2 )  and an average molecular weight of 250. 
Calculations from these da ta ,  assuming one oxygen atom per molecule, show tha t  86 
percent of the  molecules contain one oxygen atom. Similarly,  one percent nitrogen 
and a molecular weight of 250 calculates t o  15 percent of the molecules containing 
one n i t rogen  atom. 

The infrared spectrum of the acid f r ac t ion ,  Fjgure 2 ,  shows a strong band of 
f r ee  phenolic 0-H s t re tch ing  vibration a t  3590 cm- . The lack of s ign i f i can t  ab- 
sorption in the  carbonyl region (1650-1750 cm ' )  indicates the absence of carbox- 
y l i c  acids. Quantitative infrared ana lys i s  shows tha t  approximately 85 percent of 
the fraction i s  represented by the phenolic 0-H s t re tch ing  band. The remaining 
materiallcan be accounted f o r  by quant i ta t ive  analysis of the  N-H absorption a t  
3460 cm- , showing the presence of pyr ro l ic  nitrogen compounds. 

fo r  nitrogen compounds(pyrro1es). 
cent oxygen compounds, and  infrared shows t h a t  these compounds, 85 percent of the  
f rac t ion ,  a r e  phenols. 
compounds and infrared shows about the  same amount of pyrrolic nitrogen compounds. 

This 

Two d i f f e ren t  methods give the same values f o r  oxygen compounds (phenols) and 
Thus ,  the elemental analysis suggests 86 per- 

Similarly,  elemental ana lys i s  shows 15 percent nitrogen 

Characterization of Base Fraction 

The base f rac t ion  represents about 20 percent of the  coal l iqu id .  A nitrogen 
content of almost 4 percent r e f l ec t s  a successful attempt t o  concentrate nitrogen 
compounds. From the  average molecular weight and the nitrogen content i t  appears 
t ha t  about 70 percent of the molecules contain one nitrogen atom. This i s  not as  
easy t o  subs tan t ia te  with infrared spectroscopy as  i t  was in the acid f rac t ion .  
The problem re su l t s  frym overlapping bands, as  shown i n  Figure 3. PyrroliclN-H 
stretching a t  3460 cm- overlaps w i t h  amide-type N-H s t re tch ing  a t  3410 cm- , pro- 
hibit ing quant i ta t ive  determinations by infrared spectromefry. The infrared spec- 
trum shows carbonyl absorption in the  region 1650-1700 cm- , which may be due fo  
small amounts of amides. 
band may indica te  the presence of pyridines in t h i s  f rac t ion .  

Neutral Ni troqen Fraction 

infrared spectrum of t h i s  fyaction i s  given in Figure 4.  
absorption band a t  1460 cm- 
der around 3410 cm- 
sorption between 1700 and 1750 cm- 

A shoulder on the low-frequency s ide  of the  1600 cm- 

This f rac t ion  represents only about 10 percent of the to t a l  coal l iqu id .  The 

probably due fo N-H s t re tch ing  of amide types. 

The spectrum shows an 
due to  pyrrolic N-H s t re tch ing  vibrations and a shoul- 

Carbonyl ab- 
a l so  suggests the  presence of amides. 
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Satura te  Hydrocarbon Fraction 

and l e s s  than one-third of the  to t a l  hydrocarbon material .  
this f rac t ion  i s  presented i n  Figure 5. 
ranging i n  carbon number from 13 t o  35, are major components of t h i s  f rac t ion .  

Aromatic Hydrocarbon Fraction 

a s  the aromatic hydrocarbon f rac t ion .  
have over 3 percent oxygen. 
defined i n  th is  work. 
l ecu la r  weight of 210, assuming one oxygen atom per molecule, show tha t  about 45 
percent of the molecules contain oxygen. This oxygen i s  probably of the furan or 
dibenzofuran type which i s  nonreactive t o  res ins  o r  f e r r i c  chloride.  T h u s ,  these 
compounds a re  i so la ted  with aromatic hydrocarbons i n  the f ina l  separaton s t ep .  

Saturated hydrocarbon compounds comprise 11 percent of the to ta l  coal l iqu id  
A gas chromatogram of 

The f igure  shows tha t  normal paraf f ins ,  

About one-fourth of the to t a l  coal l iqu id  i s  defined by the separation method 
However, this f rac t ion  has been shown t o  

The compound types containing oxygen have not been 
Calculations using 3.4 percent oxygen and an average mo- 

SUMMARY 

A Synthoil coal l iqu id  tha t  had n o t  been solvent deasphaltened was separated 
in to  f rac t ions  of acids,  bases,  neutral nitrogen compounds, sa tura te  hydrocarbons, 
and aromatic hydrocarbons using ion exchange, coordination, and adsorption chro- 
matography. The separation method i s  reproducible, and recovery of material was 
be t t e r  than 95 percent. The  method separates compounds according t o  chemical 
func t iona l i ty  and generates f r ac t ions  tha t  a r e  su i t ab le  f o r  de ta i led  characteriza- 
t ion.  The Synthoil coal l i qu id  used in this investigation contains about 30 per- 
cent ac ids  and 20 percent bases,  according t o  the ion exchange res in  def in i t ion  of 
acids and bases. The acids were characterized as  being about 85 percent phenolic 
compounds and 15 percent compounds containing pyrrolic nitrogen. 
found t o  be largely pyridine and pyr ro l ic  nitrogen compound types. 
hydrocarbons were 11 percent of the  to t a l  coal l i qu id ,  and the aromatic hydrocar- 
bons were about 24 percent; however, oxygen compounds, probably of the  dibenzofuran 
type, were a l so  found i n  the aromatic hydrocarbon f rac t ion .  
weight of the coal l iqu id  sample was determined by low resolution mass spectrometry 
to  be about 225. 

The bases were 
The sa tu ra t e  

The average molecular 

CONCLUSIONS 

T h i s  separation method, a modification o f  a previous method, may be useful 
for separating other coal l i qu ids  according t o  chemical func t iona l i ty .  An impor- 
t an t  advantage of t h i s  method over other separation schemes used f o r  coal l iqu ids  
i s  t h a t  the to ta l  coal l i qu id  i s  separated and a m i n i m u m  number of f rac t ions  i s  
generated. 
toring the amounts of acids and bases produced i n  coal l i qu i f i ca t ion  processes. 
Such information i s  important because acids and bases a re  known t o  cause both 
chemical and physical problems i n  the processes. 

A practical  appl ica t ion  of the separation scheme may be found i n  moni- 
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1 C O A L  L I Q U I D  

( S Y N T H O I L  C L P )  b 
A n i o n  r e s i n  

C L P  LESS A C I D S  A C I D S  

C L P  LESS a BASES 

C L P  LESS A C I D S  

C O M P O U N D S  

S i l i c a  g e l  

1 -  
I 

1 - 1 S A T U R A T E  I 1 A R O M A T I C  1 
H Y D R O C A R B O N S  H Y D R O C A R B O N S  

F i g u r e  1 -  S E P A R A T I O N  PROCEDURE 

64 



1 I 

3800 3600 3400 
W A V E N U M B E R ,  C M - l  

F i g u r e  2-  P A R T I A L  I N F R A R E D  SPECTRUM O F  A C I D  F R A C T I O N  

3500 3300 1700 1500  

W A V E N U M B E R ,  C M - ’  

F i g u r e  3 - P A R T I A L  I N F R A R E D  SPECTRUM O F  BASE F R A C T I O N  

6 5  



3500 3 3 0 0  1700  1500  

W A V E N U M B E R ,  C M  - I  

F i g u r e  4 - P A R T I A L  I N F R A R E D  SPECTRUM O F  N E U T R A L  NITROGEN 
F R A C T I O N  

8 16 2 4  

R E T E N T I O N  T I M E ,  M I N .  

F i g u r e  5 - G C  C H R O M A T O G R A M  O F  S A T U R A T E  F R A C T I O N  

66 


